Background: Diagnostic manufacturers must ensure/ document metrologically traceable assays. We report on a feasibility study of a split-sample comparison for that purpose. Processed, frozen single-donation sera, assigned target values by candidate reference measurement procedures (cRMPs), were used with immunoassays for total thyroxine (TT 4 ) and triiodothyronine (TT 3 ) as models. Methods: Two serum panels were quantified for TT 4 and TT 3 with validated cRMPs and measured in parallel with at least 14 immunoassays. The results were interpreted in terms of traceability of calibration (trueness) and of the individual measurement result (accuracy) by linear regression analysis and graphical representation against specifications. The commutability of the sera was investigated by parallel analysis of TT 4 in freshly collected but nonfiltered specimens. Results: The TT 4 (TT 3 ) concentrations in the sera (according to the cRMPs) were 64 -269 nmol/L (0.88 -13.7 nmol/L). The method comparison showed that for TT 4 , on average, the immunoassays produced results in agreement with the cRMPs, whereas for TT 3 , results were typically higher. It also demonstrated a consider-
Trueness-based harmonization of measurement results among laboratories and measurement procedures is a longstanding objective of laboratory medicine [see, for example, Refs. (1) (2) (3) (4) ]. In spite of ambitious standardization projects by authoritative organizations such as the International Federation for Clinical Chemistry and Laboratory Medicine and the US Centers for Disease Control and Prevention (5) (6) (7) (8) , there are enough reasons to state that even at the beginning of the 21st century standardization has not been realized (9, 10 ) . The concept has received renewed emphasis, however, in light of the recent European Commission Directive on In vitro Diagnostic Medical Devices 98/79/EC (11 ) . Since December 7, 2003 , documentation by the clinical diagnostics industry of metrologic traceability of in vitro diagnostic systems has been required. For well-defined analytes, diagnostic systems must produce measurement results in agreement with the true value. Such agreement is determined according to the reference measurement system of the International Organization for Standardization/European Committee for Standardization Standard 17511 (12 ), which applies a metrologic traceability chain, comprising the SI unit, higher order reference materials, and reference measurement procedures.
We recently established a model reference measurement system to provide the trueness basis for total thyroxine (TT 4 ) 5 and total triiodothyronine (TT 3 ) measurements in serum (13 ) . This work, done in the framework of a project funded by the European Commission (14 ) , made available primary calibrators for T 4 and T 3 and validated isotope-dilution liquid chromatography-mass spectrometry (ID-LC/MS) candidate reference measurement procedures (cRMPs) and serum-matrix-based reference materials, i.e., 2 panels of 33 frozen sera assigned with TT 4 and TT 3 target values by the respective cRMPs. Going beyond the project's objectives, we organized a split-sample comparison, a method comparison based on parallel measurement of the serum-matrix-based reference materials by field immunoassays and cRMPs [see, for example, Refs. (13) (14) (15) ] because we considered it necessary to demonstrate that the model reference measurement system effectively facilitates documentation/validation of traceability of field assays. In this context, diagnostics manufacturers worldwide participated with their TT 4 and TT 3 diagnostic systems.
Here we report on the TT 4 and TT 3 split-sample comparison, which had 2 principal objectives. The first was to investigate whether sera processed according to a state-of-the-art protocol for steroid hormone reference materials (16, 17 ) could also be used to prepare reference materials for thyroid hormone measurements. This objective originated from the general requirement for commutability of matrix reference materials (18 ) and was driven in particular by the awareness that, in thyroid function testing, the equilibrium between protein-bound (99.97%) and free thyroid hormones (0.03%) should be preserved. The second objective was to demonstrate that from a method comparison with split-sample measurement it is possible to document/validate the traceability of both the values assigned to calibrators (trueness) and the individual measurement results (accuracy).
Materials and Methods reference serum panels
In the split-sample comparison, we used 1 reference serum panel for TT 4 and 1 for TT 3 . The panels, each containing 33 frozen off-the-clot sera obtained from single blood donations from apparently healthy male or female donors, were purchased from Scantibodies Laboratory, Inc. The blood collections were carried out according to accepted protocols for blood banks regulated by the US Food and Drug Administration. One hour after collection and coagulation of the blood at room temperature, serum was isolated by centrifugation. Only those units found negative for the presence of antibodies to HIV I/II and syphilis and for hepatitis B surface antigen were shipped to the processing unit at Scantibodies (refrigerated at 2-8°C). Three units were enriched with T 4 (Aldrich) and T 3 (from Henning) standard materials (both with a purity Ͼ99% as stated by the manufacturer) to achieve hyperthyroid concentrations; the remaining 30 units were not enriched and were selected on the basis of their TT 4 /TT 3 concentrations by a field assay to span a physiologic concentration range. No preservatives were added, but the sera were filtered through 0.22 m hydrophilic polyethersulfone filters (Gelman) to assure sterility and were fractionated in 1-mL portions into polypropylene vials. A total of 150 -180 serum aliquots were available per donation. The serum aliquots were immediately stored at Ϫ70°C and shipped to the participating laboratories on dry ice with continued storage at Ϫ70°C.
investigation of the commutability of the processed, frozen human serum specimens
To investigate whether processing had influenced the equilibrium between free and protein-bound thyroid hormone, Ghent University performed free-T 4 measurements after equilibrium dialysis and then ID-LC/MS measurement of T 4 in the dialysate (method under development) and verified by symmetric dialysis (19 ) . In addition, 10 freshly collected sera, obtained by one of the diagnostics companies (coded A in Table 1 ), were analyzed in parallel by their immunoassay and the cRMP at Ghent University. The native serum specimens were obtained from fresh blood collections, clotted at room temperature for 1 h, and then centrifuged for 10 min to separate the serum from the cells. The specimens were divided into aliquots without sterile filtration and frozen. The analysis of the 10 sera by both the immunoassay and the cRMP was done in parallel with 6 sera from this study to guarantee consistency of performance. The relationship between the results from the immunoassay and the cRMP was evaluated with ordinary least-squares regression (OLR).
commercial immunoassays
Ten diagnostic companies participated in the study with 15 (for TT 4 ) and 14 (for TT 3 The sera were analyzed for their TT 4 concentration, with cRMPs performed in 4 candidate reference measurement laboratories (cRMLs): Ghent University, LGC (formerly Laboratory of the Government Chemist), University of Bonn, and NIST. As described elsewhere, all laboratories used a validated variant of an ID-LC/MS cRMP (13 ) . During measurement of the serum panel, 2 sera previously measured by all cRMLs were used for internal precision and accuracy control to verify fulfillment of predefined performance criteria, i.e., maximum withinrun and total CVs of 1.5% and 2.0%, respectively, and a maximum systematic deviation of 0.9%. In addition, the cRMLs worked under network conditions and had to achieve maximum between-laboratory CVs of 2.5% (13 ). All calibration was done with the same material, the candidate T 4 certified reference material, made available through this study by the Institute for Reference Materials and Measurements (IRMM) from the Joint Research Centre (Geel, Belgium). The reference material mean [expanded uncertainty (U)] purity was certified to be 98.72 (0.30)% (k ϭ 2). Measurement of the 33 sera was organized in such a way that 3 sets (from 3 cRMLs) of duplicate (measurement of each serum in 2 independent measurement series) results were available per serum. The uncertainty of measurement was calculated in compliance with International Organization for Standardization guidelines (13, 20 ) .
For logistic reasons (shipment on dry ice), the TT 4 and TT 3 method comparisons were organized at the same time. Because the TT 3 network was not yet established, the TT 3 panel was analyzed only by Ghent University. The targeting cRML used an ID-LC/tandem MS measurement procedure validated against ID-gas chromatography-MS (21 ) and identified by the Joint Committee for Traceability in Laboratory Medicine as a higher order cRMP (22 ) . For calibration, a candidate T 3 certified reference material from IRMM, with a mean (U) certified purity of 97.17 (0.23)% (k ϭ 2), was used. The sera were measured 3 times as singletons in 3 independent measurement series. For internal precision and accuracy control, 2 lyophilized sera, previously assigned with target values by parallel measurement between Ghent University and NIST (23 ) , were used to verify that the cRMP was performed according to the same performance criteria as specified for TT 4 (24 ) . In addition, the expanded uncertainty was estimated for the TT 3 measurements. After the method comparison was completed, the University of Bonn finalized the development of its cRMP for TT 3 and in the process cross-checked the TT 3 measurements by Ghent University.
statistical analysis and graphical presentation
We treated the data of the split-sample comparison statistically with OLR analysis because the comparison method was of higher hierarchical order and a linear relationship was expected. We also present the results graphically in scatter and difference plots. We excluded the results for the enriched samples from the OLR analysis, but because of their importance for validation of calibration, we show the extended regression lines in the scatter plots. We calculated the deviation (%) of the results by the respective field assays from the target values by the (25 ) .
Results
Because only a few companies agreed to disclose their results, the method comparison is presented in an anonymous way. Note, however, that a company that participated for both TT 4 and TT 3 measurements is designated by the same code. The endogenous TT 4 (TT 3 ) concentrations by the ID-LC/MS cRMPs were 64 -136 nmol/L (0.88 -2.45 nmol/L); the enriched sera had target concentrations of 224 -269 nmol/L (4.8 -13.7 nmol/L).
For TT 4 , the expanded ID-MS measurement uncertainties calculated for each serum separately were 1.6%-3.0% with a mean of 2.2% (13 ) . The uncertainty values differ slightly from those reported by Thienpont et al. (13 ) because the purities of the IRMM candidate T 4 and T 3 reference materials have become certified; hence, the associated uncertainties have been taken into account. For the TT 3 measurements, the mean estimated expanded uncertainty was 6.0% (k ϭ 4.3 for the measurement protocol by only 1 cRML in triplicate). After the method comparison was completed, however, the reliability of the results obtained by Ghent University was confirmed by blind measurements at the University of Bonn (mean deviation, 1.8%; range, Ϫ3.1% to 4.9%). Overviews of the outcomes of the OLR analyses for TT 4 and TT 3 are given in Tables 1 and 2 , respectively, including the deviations (⌬%) at the lowest, middle, and highest ID-LC/MS target concentrations. In each table the first row represents the OLR data for the mean of the measurement results by all immunoassays compared with the cRMP target values. Scatter plots of the mean of all results compared with the ID-LC/MS cRMPs for TT 4 and TT 3 are presented in Fig.  1A and Fig. 2A, respectively. Although the values of the enriched sera were omitted from OLR analysis, the extended regression lines are shown. The combined scatter plots for the individual immunoassays are shown in Fig.  1B and Fig. 2B , but in these plots the enriched sera are not shown. The data from Tables 1 and 2 
Discussion justification of sample material used
The approach of method comparison with parallel measurement of frozen off-the-clot human sera is generally accepted as the basis for the establishment/documentation/validation of the traceability of field measurement procedures to the SI (26, 27 ) . In this study, in dealing with SI traceability of serum TT 4 /TT 3 measurements, we opted to use sera obtained from single donations with thyroid hormone concentrations within the reference intervals. To also cover the upper measurement ranges of field assays, we enriched 3 sera with T 4 and T 3 . Because we were not certain that these sera and sera with endogenous hormones would respond identically to immunoassays, we excluded the measurement results for enriched sera from the OLR analysis but show them in the graphical plots. With respect to the quality of matrix reference materials, there are 2 requirements: long-term stability and commutability. The first requirement was not a prime concern in this study because the split-sample comparison could be organized within a maximum of 8 months. Considering, nevertheless, that the project was a feasibility study, we performed, under conditions recommended by IRMM, a short (2 weeks) and a long-term (12 and 18 months) isochronous stability study. IRMM confirmed the stability of the materials and predicted shelf lives until 2008 (TT 3 ) and 2012 (TT 4 ).
The commutability requirement of matrix reference materials is necessary because, although prepared from human sources, processed materials may acquire properties that make them behave differently from native patient samples in immunoassays. In this respect, there is a guideline available from the Clinical and Laboratory Standards Institute (CLSI; formerly the NCCLS) that describes the procedures for preparing frozen human serum pools of high-quality suitable for cholesterol measurement (18 ) . However, in certain aspects, the protocol is so demanding that it almost becomes impractical to perform with a typical collection and processing center. Because of these logistic problems, we decided to prepare the sera for this study according to the state-of-the-art process as used for steroid hormones (16, 17 ) and to assess whether it would be feasible for application to thyroid hormones. In this respect, we focused on the preservation of the equilibrium between the proteinbound and free thyroid fractions after processing and considered the unexpectedly high free T 4 concentrations a potential indication that the commutability of the sera had been compromised. We therefore compared for 1 commercial TT 4 immunoassay the behavior of the processed sera with freshly collected specimens. For logistic reasons (shipment to Ghent University), this experiment also necessitated freezing of the fresh sera. However, it was confirmed beforehand that the freezing/thawing process did not influence the measurement results of the immunoassay. Evidence for a different behavior of the 2 types of sera in the measurement of TT 4 , at least with the immunoassay used, can be seen in Fig. 5 . Although the cause of the noncommutability has not been determined, we suspect the filtration process because this was the main difference between the 2 types of sera. On the other hand, the problem may also be attributable to the immunoassay, for which the sera seem to have a lack of commutability, because principally, it is not expected that an in vitro imbalance between the free and total T 4 fractions in a serum affects the TT 4 measurement results. On the basis of these observations, the project leader immediately urged the manufacturers not to recalibrate their immunoassays on the basis of the performed split-sample comparison. We also concluded that for preparation of serum reference materials of appropriate quality suitable for the establishment/validation of traceability of TT 4 /TT 3 measurement, an in-depth study of the protocol to process the materials would be necessary. That study must investigate with several immunoassays, for example, how the filtration process, the time that samples are kept refrigerated before being divided into aliquots and frozen, or the thawing temperature influence the commutability of the reference materials. It is proposed to carry out this study within the International Federation for Clinical Chemistry and Laboratory Medicine framework, i.e., the Working Group for Standardization of Thyroid Function Tests (28 ).
interpretation of the split-sample comparison
Traceability of calibration (trueness). Principally, a splitsample comparison study provides an evaluation of the agreement of an assay's results with those obtained by the cRMP(s). In case of agreement, the traceability of the values assigned to the assay's calibrators (trueness of performance) is demonstrated. This conclusion can be drawn from OLR analysis of the method-comparison results and requires a slope and intercept not significantly deviating from 1 and 0, respectively. The OLR data tabulated for TT 4 in the first row of Table 1 show that, on average, the TT 4 immunoassays were in agreement with the cRMP values (see also Fig. 1A ). For the TT 3 immunoassays, as can be seen from Table 2 (and Fig. 2A ), they are on average "overcalibrated" (slope Ͼ1 and intercept ϭ 0). However, it should be emphasized that these interpretations are correct only provided that the reference materials are commutable with the tested assays. If not, a split-sample comparison does not necessarily reflect the trueness of performance of an immunoassay on native patient sera. Therefore, in view of the evidence of jeopardized commutability in this feasibility study, it may be better to do the interpretation in a relative way. On this basis, the OLR data in Table 1 (and also Fig. 1B) , showing divergence in slopes and intercepts for the individual assays, indicate considerable differences in calibration status among the TT 4 immunoassays. From the ⌬% values in Table 1 it is obvious that for some TT 4 immunoassays the systematic differences are proportional to the concentration, whereas for others, they are rather constant. For the TT 3 immunoassays, as can be seen in Table 2 , between-immunoassay divergence (see also Fig. 2B ) was also considerable and systematic differences were proportional to the concentration (see the ⌬% values). Thus, although the potential lack of commutability prohibits us from concluding which immunoassay has SI-traceable calibration, the observations demonstrate the general need for recalibration of TT 4 and TT 3 immunoassays. A detailed presentation of these observations is available in the different plots shown in the accompanying online Data Supplement.
With respect to the question of whether enriched sera have utility for judging traceability of calibration, the extension of the regression lines in Fig. 1A shows that in TT 4 immunoassays, sera 31-33 behaved, on average, as sera with endogenous hormone. On the other hand, for TT 3 , on average, the results for the enriched sera did not coincide with the extended regression line (Fig. 2A) .
Traceability of the individual measurement result (accuracy).
A method comparison against a cRMP with single-donation sera also allows evaluation of the traceability of measurement at the level of the individual serum sample. The accuracy of performance depends mainly on the precision and specificity of the field assay. These characteristics are reflected in a split-sample comparison by the correlation coefficient and residuals, i.e., the higher the precision/ specificity, the higher the correlation coefficient and the lower the residuals. In other words, a high variability along the regression line demonstrates a large random error component in the method comparison, attributable to high imprecision, susceptibility of the field assay to sample-related effects, or a combination of both. By sample-related effects, we mean the effects attributable to the individual matrix. For example, in Table 1 , for TT 4 the correlation coefficient for the mean of all results is 0.998, but only 3 assays have a correlation coefficient Ն0.99. For TT 3 (Table 2) , the correlation coefficient for the mean of all results is 0.986, but at the individual level, the best rank is a correlation coefficient Ն0.975.
With respect to deriving sample-related effects, we made use of the residual plots, after normalization of the values for each immunoassay via the OLR equation. The TE limits in the plots allow direct visual interpretation of acceptable accuracy, i.e., as long as the residuals are within the limits. Note that, strictly speaking, evaluation against a TE criterion supposes a singleton measurement; thus, the manufacturers should interpret the residual plot with caution depending on how the reported measurement results were obtained. Visual inspection of Figs. 3 and 4 shows that, on average (first plot), the situation is ideal for TT 4 and good for TT 3 . However, at the individual level, considerable differences among the immunoassays is again apparent.
It is also important to note that the combination of traceability of calibration and of measurement at the level of the individual sample is important. For example, from Table 1 and Fig. 3 it can be derived that TT 4 assay L shows an acceptable traceability of calibration with a high correlation coefficient and all residuals (%) within the TE limits, which is of course the ideal situation. Other assays, such as TT 3 immunoassay C (Table 2) , showed acceptable traceability of calibration with a lower correlation coefficients and too many residuals outside the TE limits (for the latter, see the accompanying online Data Supplement). This situation reflects a contribution of the random error component in the immunoassay results that is too high and hence requires improvement of the assay's precision and/or specificity. On the other hand, some assays (e.g., assay O) combined for both TT 4 and TT 3 a slope significantly deviating from 1 and a high degree of unreliability [as evidenced by the SE of the slope of, respectively, 14% (T 4 ) and 19% (TT 3 )], a low correlation coefficient, and too many residuals outside the TE limits (see Figs. 3 and 4) . In that case, it is not worthwhile correcting the calibration because the high random error component in the method comparison would produce an unacceptably high uncertainty. However, because of the evidence for noncommutability of the sera in this feasibility study, we again recommend caution with the interpretation of the documented accuracy.
In conclusion, through this study we showed that panels of frozen single-donation sera, assigned target values by (a) cRMP(s), principally serve the purpose of documentation/validation of traceability of commercial immunoassays for total thyroid hormone measurements via splitsample comparison. Through the practical organization of the method comparison and participation of diagnostics manufacturers all over the world, we demonstrated that from the logistic point of view it is feasible. Although pooled sera are useful for documentation/validation of traceable calibration, the feasibility study showed that the added value of a method comparison with single-donation sera is that the traceability of the individual measurement results (accuracy) can also be judged. However, the correctness of the interpretations depends on the commutability of the reference materials. From this perspective, the presented feasibility study provided evidence that for field thyroid hormone measurements it will be necessary to develop a protocol for processing materials with appropriate intermethod commutability and to perform a final commutability test with all immunoassays as described in the CLSI EP14 protocol (29 ) . Although we restricted our study to documentation/validation of metrologic traceability, it is a logical consequence that a method comparison with a cRMP on commutable serummatrix reference materials would be an ideal tool for diagnostics manufacturers to establish traceable assays. They could also take advantage of such panels during the development of their assays, e.g., for testing antibody specificity and optimizing the immunoreaction conditions. Last but not least, the voluntary participation of international diagnostics manufacturers showed their interest and willingness to meet both the scientific and legal demand of establishing metrologic traceability of their assays.
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